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Abstract
The acoustic performance of a new type of fibre-less sound absorber, the Micro-Grooved Element (MGE),
is studied in this paper. The transfer impedance and the absorption coefficient of micro-grooved and
Micro-Perforated Elements (MPEs) are measured, modelled and compared.
A MGE is a double layer element that involves inlet/outlet slots and facing micro-channels engraved
onto the mating surface of the layers. The main advantage of these elements is that, by means of a simple
technological process, thin micro-channels with depth of less then 100µm can be easily engraved. This al-
lows the MGEs exhibiting higher absorption coefficients compared to traditional MPEs with 300−700µm
diameter of perforations. Moreover, due to the presence of surfaces surrounding the micro-channels, the
MGEs show reduced resistance when exposed to high level of sound excitation. In this perspective, the
performance of a MGE is more stable than the one of a MPE provided with the same porosity.
A number of different MGEs with varied internal geometries has been tested at different excitation
levels. The acoustics of the micro-channels is treated in details, the impedance end corrections are de-
termined and the non-linear effects are accounted for. The linear behaviour of MGEs is described by
adapting the models for slit-shaped perforated elements (SSEs). The quasi- and non- linear behaviours
are expressed as a function of the Shear number and Strouhal number by curve fitting the experimental
results.
Keywords: Micro-Grooved elements, Microperforated elements, acoustic materials, absorptive
materials, transfer impedance, end corrections, non-linear effects.
1. Introduction
The recent trend in applied acoustics has seen gradual reduction of the use of fibrous materials and
foams, especially in applications where the deterioration of these materials and the consequent pollution
of the surrounding media is unwanted. Typical examples are HVAC systems [1], compressor silencers in
supercharged engines [2], and turbine liners [3]. Effective fibre-less solutions have been presented also
in traditional automotive applications such as exhaust systems [4], [5].
The strongest impulse to the diffusion of the fibre-less absorptive elements in the last two decades has
been given by the advent of the micro-perforated elements MPEs [6], [7], [8]. In the MPEs the absorption
occurs in apertures having diameters in the sub-millimeter range (typically in the range of 300− 700µm )
and perforation ratios of around 1%. In these conditions the Shear number within the apertures is of order
unity, implying that the viscous boundary layer thickness is in the order of the perforation diameter. As
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a consequence, the dissipation of the acoustic energy is highly enhanced by means of the viscous losses
within the apertures. In substitution to the circular apertures, micro- slits with rectangular apertures
can be utilized too [9]. However, manufacturing costs of the MPEs can be an obstacle in engineering
applications. In fact, a large number of the micro-apertures is required to provide adequate porosity,
which makes the micro-perforation process technologically demanding and expensive.
Different designs and configurations of liners, based on the principle of the MPEs, have been pro-
posed by researchers in the last fifteen years. The aim is typically the improvement of the acoustical
performance of the MPEs and/or the reduction of the manufacturing costs. In some cases the solution
proposed were able to pursue only one of the two goals, by penalizing the other one.
Improvement of the absorption coefficient has been documented when the MPEs are utilized in com-
bination with partitioned back cavities [10], as well as in multiple leaf configurations [11], or backed
by Helmholtz resonators [12]. In [13], the acoustic performance of typical MPEs has been improved by
utilizing ultra-micro perforation with diameter less then 100µm based on MEMS technology. In fact, as
described by Maa in [7], a straightforward and space-saving way to approach the broadband absorption
is to reduce the perforation diameter and increase the perforation ratio adequately. In [14], the orifice
design of circular perforation has been improved by using horn-shaped profiles in order to reduce the
end effects of the apertures. In case of ultra-micro perforations and horn shaped micro-perforations, the
technological issues involved in the production are even more critical than those required by traditional
MPEs.
Manufacturing costs have been reduced by using different designs of the apertures, such as punched
slit-shaped irregular apertures [15], micro-perforated insertion units (MIUs) [16], and double panel ab-
sorbers with small air gap [14], to cite a few examples. Among these solutions, the one proposed in [15]
is currently utilized in engineering applications, despite the surface roughness of these elements and the
reduced predictability of the performance.
In this paper, the acoustic mechanism of a new type of fibre-less acoustical absorber, the Micro-
Grooved Element (MGE), is described. The acoustic performance is experimentally characterized in
terms of transfer impedance and absorption coefficient. A complete model of the MGEs is developed
by adapting the formulation for slit shaped apertures, by including the end corrections of the micro-
channels and by relating the non-linear effects to the excitation amplitude and to the thickness of the
oscillating viscous boundary layer. Presented for the first time in 2012 [17], the initial design of the
MGEs has been improved to optimize cost and performance. Since the MGEs are based on a number
of micro-channels engraved on the surface of two slotted mating plates, the manufacturing process is
technologically effective. Nevertheless, the depth of the micro-channels can be easily < 100µm, as some
of the ultra-micro perforated element presented in [13], while still preserving an adequate perforation
ratio. Thus, the exhibited absorption coefficients can reach higher values than that of the traditional
MPEs provided with 300 − 700µm perforation diameter.
As known from the literature, the non-linear effects exhibited at high level of sound excitation strongly
affect the performance of the MPEs, [8], [18] [19] [20], [21]. In [22], a design method for panel absorbers
for high pressure environments is presented, based on the use of large hole apertures and in [23] the MPEs
have been designed with a high ratio length/diameter of the apertures in order to reduce the non-linear
effects. However, both techniques penalize tremendously the performance at low excitation levels.
In case of MGEs the presence of surfaces surrounding the micro-channels and parallel to them, results
in reduced acoustic resistance when these absorbers are exposed to high pressure levels. This implies that
the acoustic performance of MGE, at varying the acoustic excitation, is more stable than the one of MPE
provided with the same porosity. However, the techniques described in [12] and [23], can be still applied
to MGEs.
Future studies are planned where the response modelling and the evolutionary optimization tech-
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niques are used to reduce the non-linear effects in a wider range of sound excitation levels [24].
2. Transfer impedance
2.1. Definitions
When the acoustic waves pass through an intervening porous slab there is a net flow through it. If
uˆa and uˆb are the particle velocities in front and at the back of the surface respectively, assuming the
velocities uˆ = uˆa = uˆb is a good approximation if the pore volume per unit slab area is substantially
less than 1/4 wavelength [25]. This is the case of the MGE, whose typical thickness is ≈ 1mm. In this
hypothesis one can define the transfer impedance Ztr as follows:
pˆa − pˆb = Ztruˆa = Ztruˆb (1)
Here pˆa and pˆb represent the complex acoustic pressure amplitudes at the front and back sides of
the slab. Dividing both sides by uˆ, and making use of the definition of specific acoustic impedance on a
surface S 0 as the ratio between the complex amplitudes of the acoustic pressure and the particle velocity
measured on S 0, Zs0 (ω) = (pˆ/uˆin)S 0 , yields:
Za = Zb + Ztr (2)
In case of MGE the slab of material is constituted by an inlet layer In , an outlet layer Out and a number
of micro-channels Ch located on the mating surface of the two layers. In this case, the Eq. (2) becomes:
Ztr = ZIna − ZInb + Zm−cha − Zm−chb + ZOuta − ZOutb = Ztr−In + Ztr−Ch + Ztr−Out (3)
Where Ztr−In, Ztr−Ch and Ztr−Out represent, respectively, the transfer impedances of the inlet layer, micro-
channels and outlet layer considered separately.
For a perforated slab provided with several apertures, if Ztr−s is the transfer impedance of a single
aperture, then the transfer impedance of the entire element is Ztr = Ztr−s/σ, where σ is the panel porosity.
Ztr is a complex quantity, i.e. Ztr = R + iX, where the real part R (or resistive component) is referred
to as transfer resistance and the imaginary part X (or reactive component) is typically named transfer
reactance. The transfer impedance and its components are usually normalized with respect to the air
properties ρ0c (ρ0 is the air density ≈ 1.18kg/m3 at standard temperature and pressure and c is the speed
of sound) and are here indicated with ztr, r and χ.
2.2. Transfer impedance measurement
Samples studied in this work are listed in Table1. Several methods for the determination of the transfer
impedance of these elements can be found in literature, [9]. In this work, the 2-port data of the samples
have been experimentally determined in order to carry out the associated transfer impedance, [26]. The
sound field propagating in the test-rig below the first cut-on frequency consists of plane waves. In the
frequency domain, this condition is described as:
pˆ(x, f ) = pˆ+( f ) exp(−ik+x) + pˆ−( f ) exp(ik−x) (4)
uˆ(x, f ) = 1
ρ0c
[ pˆ+( f ) exp(−ik+x) − pˆ−( f ) exp(ik−x)] (5)
Here, conventionally, the x-directions are oriented outward the test object (see Figure 1), ± denotes the
propagation in positive and negative x-directions, f is the frequency and k is the complex wavenumber.
In absence of a mean flow, as the case in this study, k+ = k− = k0.
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Sample name d [µm] t [µm] Cvc n.apertures porosity
MGE0 95 200 ≈ 0.8 8 1.52
MGE1 120 [250, 750, 1200, 1750] ≈ 0.8 8 1.19
MGE2 190 [250, 750, 1200, 1750] ≈ 0.8 8 1.89
MGE3 275 [250, 750, 1200, 1750] ≈ 0.8 8 2.73
MGE4 255 [250, 750, 1200, 1750] ≈ 0.8 8 1.81
MGE5 455 [250, 750, 1200, 1750] ≈ 0.8 8 3.23
MPE1 300 500 ≈ 0.7 300 1.53
MPE2 400 500 ≈ 0.7 120 1.09
Table 1: Data of the samples tested
By assuming the complex wavenumber known in the duct, the incident and reflected waves can be
calculated, on both sides of the test object, with the classical wave decomposition technique [27]. For
example, at the position Mic.1 of the side a (front) depicted in Fig. 1, one can write:
pˆ1+ = pˆ1 exp(ik0x2) − pˆ22i sin(k0x2) (6)
pˆ1− = pˆ2 − pˆ1 exp(−ik0s)2i sin(k0x2) (7)
where pˆ1 and pˆ2 are the amplitude components of the acoustic pressure in in the positions Mic.1 and
Mic.2 (or Mic.1 and Mic.3). In correspondence of the test section, x = −L, so that:
pˆa(−L, f ) = pˆ1+ exp(ik0L) + pˆ1− exp(−ik0L) (8)
uˆa(−L, f ) = 1
ρ0c
[ pˆ1+ exp(ik0L) − pˆ1− exp(−ik0L)] (9)
At this point it is straightforward to compute the transfer matrix T of the test object, [28] which is
defined as: ( pˆbqˆb ) = [ T11 T12T21 T22 ] [ pˆaqˆa ] (10)
In Eq. 10, pˆa and pˆb are the acoustic pressures on the two sides of the sample and qˆa, qˆb are the
volume velocities at the same locations (qˆa = uˆaA, qˆb = uˆbA, being A the sample area).
It can be easily shown that, under the assumption of constant particle velocity across the sample,
T11 = 1, T21 = 0, T22 = 1 and T12 = (pˆ1 − pˆ2)/q, where qˆ = qˆa = qˆb. By multiplying T12 by the sample area
A, the transfer impedance is computed. When a thin acoustic element is coupled with a back cavity, the
transfer impedance of the panel and the cavity impedance Zcav form a series impedance Ztot = Ztr + Zcav.
The cavity impedance can be expressed as Zcav = − j cot (wll), where wl is the wavelength and l is the
cavity length. Finally, the reflection and the absorption coefficients can be computed as follows:
R = Ztot − 1
Ztot + 1 (11)
α = 1− ∣ R ∣2 (12)
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Loudspeaker 1 Mic. 3 Mic. 2 Mic. 1
Element test section
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Figure 1: Determination of the particle velocities
2.3. Determination of the particle velocity
During the tests performed for the present study, the transfer function Hei = pi/e between the acoustic
pressure pi at the microphone i and the loudspeaker electric signal e is recorded. As a consequence,
through the Eq.9 it is possible to carry out the transfer function of the particle velocity at the panel inlet
cross section:
Hev = u0e = 1ρ0c [He+ exp(ik0L) − He− exp(−ik0L)] (13)
In the Eq. 13, He+ and He+ are the measurable quantities
He+ = He1 exp(ik0x2) − He22i sin(k0x2) (14)
He+ = He2 − He1 exp(−ik0s)2i sin(k0x2) (15)
In order to get the amplitude of the particle velocity, which is needed for the non-linear characteri-
zation of the samples. the auto spectrum of the voltage e, S ee, can be used, being the auto-spectrum of
a sine wave signal equal to 1/2 of the squared amplitude of the signal. As a consequence, the absolute
value of the particle velocity is ∣uv∣ = ∣u0e ∣ = ∣Hev∣
√
2S ee
K
(16)
where K [V/Pa] is the calibration factor of the microphones, needed to convert the electric signals of the
microphones into the corresponding pressure values.
2.4. Test facilities
The experimental work presented in this paper has been performed in the acoustic laboratory of
Tallinn University of Technology (TUT). In Figure 2, a schematic of the measurement set-up is depicted.
All tests have been carried out in the absence of mean flow. The measurement section has a round
cross-section with the inner diameter d = 42mm and duct wall thickness δ = 1.5mm. For the acous-
tical excitation, two professional series electrodynamic drivers (DAS RO ND-8) have been utilized. The
drivers are mounted via side branches and driven by a software-based signal generator through National
Instruments RO NI9269 analog output module and power amplifier (Velleman RO VPA2100MN). The sig-
nal acquisition has been performed by a dynamic signal analyser (National Instruments RO NI NIcDAQ
9174 and NI 9234), controlled by PC based virtual instrument (LabVIEW RO). The acoustic pressure
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Figure 2: Test-rig configuration
has been measured by using six flush mounted 1/4 inch prepolarized pressure microphones (type 40BD
G.R.A.S. RO, equipped with preamplifiers 26CB G.R.A.S. RO). Two microphone separations s1 = 280 mm
and s2 = 35 mm have been used. According to the relationship 0.1pi < k0si < 0.8pi (i = 1,2) proposed in
[29] for the two port experiments, the corresponding frequency region reckoned during the measurements
ranged from 60 Hz to 3.9 kHz at temperature of 20○ C.
3. Description of the MGEs
3.1. General characteristics
A MGE is a fibre-less acoustic absorbers constituted by two slotted layers and a number of internal
micro-channels generated when the layers are mated. In the MGE the sound waves enter the element via
the slots of the first layer (inlet) and are forced to travel the network of micro-channels where the energy
dissipation is primarily expected to take place. Eventually, the sound waves propagate out of the element
via the slots at the second layer (outlet) (see Fig. 3a ).
In the specific case of Fig. 4, the inlet is a pseudo-layer made of intersecting stripes, to contain the
weight of the absorber, and the outlet is provided with grooves adjacent the slots. The internal micro-
channels are generated as the stripes at the inlet partially overlap the grooves at the outlet. Punching
and/or milling are the manufacturing processes involved in the production of MGEs.
In the configurations shown in Fig.s 4 and 3 a, the micro-channels assume a well defined rectangular
cross section. In Fig.3 also the cross section of a MPE is shown in comparison. It is clear that the
micro-channels and micro-perforations perform analogue functions in MGEs and MPEs respectively.
In particular, the diameter of the micro-perforations is analogue to the depth of the micro-channels
(both will be indicated s d). Moreover, it is straightforward to understand that the width of the stripes (at
the inlet) and of the slots (at the outlet) determine the length of the micro-channels, t.
It will be shown in Sec.4 that the geometrical features of the MGEs can be utilized to design simple
acoustic elements with absorptive properties superior to MPEs with perforation diameters of ≈ 300 −
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700µm.
The acoustic absorber presented in this paper shares several geometrical similarities with the double
panel absorber presented by Randeberg in [14]. However, in [14], the geometry of the layers and the
position of the slots does not generate micro-channels as in MGEs and the dissipation of the energy
occurs in the entire gap located between the two layers. As a consequence, the two advantages of the
MGEs above mentioned have not been investigated in [14] as well as the non-linear effects have been
neglected.
A conclusive note in this paragraph is about the possibility of designing MGEs deprived of grooves,
where the micro-channels are generated by simply spacing apart inlet and outlet layers which are not
any more in contact. It is possible to use piezo-electric actuators which vary the gap between the layers
according to the performance sought.
a)
c1 c2s’’
s’ s’
 
Acoustic wave 
Jet flow 
b)
s’ s’ s’ s’
s’’ s’’ s’’ s’’
c1 c2 c3
 
Acoustic wave 
Jet flow 
Figure 3: Propagation of the acoustic waves: a) in MGE; b) in MPE
3.2. Impedance decomposition
According to Eq.(3), the total transfer impedance of MGE is given by the transfer impedance of the
layers and the one of the micro-channels. Nevertheless, experiments - not reported here for brevity -
show that the contribution of the layers on the overall performance is practically negligible. In fact, the
presence of wide slots implies nearly insignificant resistance and minor reactance, being the last one more
meaningful as the thickness of the layers is larger than 1mm.
However, this study is focussed on MGEs provided with layer thickness of ≈ 0.5mm, for which it is
safe to write: ZMGE ≈ ZCh.
4. Linear behaviour
In the linear regime, the dissipation of the acoustic energy mainly occurs in the viscous layers within
the micro-channels, due to the viscosity of the fluid and the presence of solid walls. The thickness of
the oscillating viscous layers is expressed by the Stoke number, δv = √µ/ωρ0, with µ is the air viscosity
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a)
 
Grooves Slots 
b)
 
Stripes Slots 
c)
  
Figure 4: CAD model of the MGE: a) Outlet layer; b) Inlet layer; c) exploded view
(≈ 1.85x10−5kg/ms) in standard conditions. In MPEs and MGEs the oscillating viscous layers extend as
much as to cover almost completely or completely the cross section of the apertures. This condition can
expressed as Sh=O(1), where Sh is the Shear number of the apertures:
Sh = d
2δv
= d √ωρ0
4µ
(17)
For MPEs and MGEs, d in Eq. 17 is the diameter of the perforations and the depth of the micro-
channels respectively. For low enough excitation amplitudes, the amplitude of the particle velocity fre-
quency components (uˆ) and the amplitude of the acoustic pressure frequency component (pˆ) are linearly
dependent and the transfer impedance is calculated as a function of the perforation geometry and fre-
quency only. This is the case treated in this paragraph.
The linear transfer impedance can be seen as ZLin = Zint + Zext, where Zint is the internal part, and Zext
the external part of the impedance, due to phenomena which take place within and outside the apertures
respectively.
4.1. Internal part
In case of MPEs, both contributions have been modelled by Crandall first [30], and Maa afterwards
[6]. However, here the formulation proposed by Allard, for the internal impedance of slit shaped apertures
is recalled [9], since it fits well to the geometry of the micro-channels in MGEs:
zint = jωt
σc
⎡⎢⎢⎢⎢⎣1 −
tanh (δv √ j)
δv
√
j
⎤⎥⎥⎥⎥⎦ (18)
where t is the length of the micro-channels and j the imaginary unit. In general, for the small apertures
or low frequencies, the loss mechanism described by Eq.(18) is frequency independent.
4.2. External part
The motion of the air outside the apertures affects both the dissipative and inertial part of the over-
all transfer impedance, thus end-corrections for both the real and the imaginary parts of the transfer
impedance must be introduced. From the experimental point of view a methodology which particularly
fits to MGEs has been utilized to measure the external part of the transfer impedance. It consists of
9
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Figure 5: Measurement of the end effects: a) Resistive part; b) Reactive part
measuring the transfer impedance for several samples with same cross section but different length of the
apertures, which is done by simply using different inlet layers (i.e. different q values, see Figure 4). By
linearly interpolating the values of transfer impedance, the normalized end corrections can be extrapo-
lated at the channel length t = 0. In this case, the only contribution to the aperture impedance is given by
the end-corrections. This approach is purely experimental and it is based on the assumption (confirmed
by [31] in case of sharp edged circular perforations with t/d ⩾ 0.5), that the length of the apertures does
not affect the end-corrections. Figure 5 exhibits the resistive and reactive values of the micro-channels
measured at 500 and 3000 Hz. The samples have channel lengths varying between 2.50E-04 m to 2.75E-
03 m ands amples with the same cross-section are denominated by the same name of MGE (e.g. MGE-A,
MG-B,...). The procedure is repeated at every frequency of interest.
Ingard [32] estimated the resistive end correction of a circular duct as a function of the power dissi-
pated by an oscillating motion of a fluid on a plane surface
Rs = 12 √2νρ0ω (19)
For two ends of a narrow tube the total resistance is 2Rs, hereby the end resistive correction proposed by
Maa for slit shaped holes [6] is:
rext = 2αRs
σρ0c
(20)
where α = 2,4 for rounded and sharp shaped apertures respectively [4]. Temiz investigated the depen-
dence of the end corrections on the edge configuration [31] by using the following non-dimensional
parameter to generalize the results for the resistive part:
αT = Xextσ2Rs (21)
In Eq. 21 Xext = χextρ0c = R (Zext). In case of MGE samples examined here, the edges of the micro-
channels are characterized by the presence of 13µm chamfer (see Section 5). In [31], αT is given for
circular apertures with different edge geometries, obtained by curve fitting experimental and numerical
data of perforated plates with large perforation diameter (4.2 mm). These expression should be general
and applicable to apertures with different values of diameters. However, when applied to apertures with
sub-millimetre diameter, the resistive end-correction shows a minimum at values of Sh = O (1), which
10
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Figure 6: Experimental and theoretical values of the external transfer impedance: a) End-resistance; b) End-reactance
limits the applicability of these formulas to apertures with over-millimetre diameter. By assuming that
the cross section geometry of the apertures has a minor influence on the resistive end corrections, the
expression of αT given by Temiz in [21] for apertures with chamfered edges is here proposed in a modified
version by using the experimental data of MGEs :
αc f = c1Shc2 + 1.70 + 1.1c∗1.74Sh−0.26 (22)
where c1 = 5.08, c2 = −1.45 for apertures with millimetre apertures (as stated in [21]) and c1 = 4.05,
c2 = −0.90 for sub-millimetre apertures, as in case of MGEs. In Eq. 22 c∗ = cp/d where cp is the chamfer
length. In case of MGEs, the correct expression for α is:
αMGE = 12 [4.05Sh−0.90 + 1.70 + 1.1c∗1.74Sh−0.26] (23)
In Fig. 6a the experimental results are compared with the results obtained by using Eq.23 (”Temiz
modified”) and the ones obtained from Eq.20 with α = 2 (”Ingard”). Results from Eq.20 present a
noticeable discrepancy with the experimental ones only in case of MGE1, where d = 120µm and a few
µm error in the measurement of d could have affected the predictions.
The choice α = 2 in Eq. 20 could lead to the conclusion that the edges of the micro-channels are
rounded. However, due to the the small value of the chamfered length, it seems to be more reasonable to
consider the edges as almost sharp and the presence of the surfaces s′ and s′′ (see Fig. 3 a)) halves the
resistive value of the end-corrections, by preventing the energy dissipation nearby. This is highlighted by
the presence of the coefficient 1/2 in the Eq. 23. The vibrating air plug within the aperture behaves as the
acoustic mass of an aperture whose actual axial dimension is given by the thickness of the aperture t plus
the reactive end-correction lengths on both sides of the panel [32].
For slit-shaped apertures Maa [6] suggests that the rectangular cross section can be modelled as an
equivalent ellipse. By introducing an ellipticity factor
e = √1 − ( d
w
)2 (24)
where d and w are the height and the length of the slit, i.e. the depth and the width of the micro-channels
in case of MGEs, the reactive impedance is written as
χslit−ext = 12ωρ0dF (e) , (25)
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where
F (e) = ∫ pi/2
0
dθ(1 − e2 cos θ)2 (26)
For an entire MGE, the normalized external part of the transfer reactance becomes:
χext = ωdF (e)2σc (27)
In [31] Temiz provided a formulation for reactive end-corrections of apertures with different edge
geometries. This formulation is based on the definition of the following parameter, which has been used
to generalize the results:
δT = Xextσ
ρ0ωd/2 (28)
where Xext = I (Zext). The following expression is given in [31] for circular apertures with chamfered
edges:
δT−ch = 0.97 exp (−0.20Sh) + 1.54 + 0.97c∗0.56 exp (−0.01Sh) (29)
For micro-channels the following equation fits well:
δMGE = F (e) δT−ch (30)
Fig. 6b shows a good match between the experimental results, the results obtained by modifying the
formulation by Temiz (Eq. 30), and the one provided by Maa for slit shaped apertures (Eq. 27). It means
that the presence of the surfaces s′ and s′′ (see Fig. 3 a)) does not influence the inertia of the vibrating air
plugs and the air in proximity of the apertures is still free to move as in the case of MPEs (Fig. 3).
4.3. Absorption coefficient
In Fig. 7 the acoustic performance of different micro-grooved and micro-perforated samples is shown
in terms of normalized transfer impedance and absorption coefficients. The geometrical characteristics of
these samples are listed in Tab. 1. The normalized resistive transfer impedance of MGE0 is unitary since
very the low frequencies and the trend is basically flat. The reactive part of the MGE0, remains lower
than the recative parts of the MPE1 and MPE2 at every frequency. As a result, the absorption coefficient
of MGE0 is ≈ 31% higher than the one of the MPE2 and ≈ 10% higher than the one of the MPE1.
It must be pointed out that typical MPEs have diameters ≈ 300 − 700µm, porosities ≈ 1 and thickness
t ≈ 0.5mm. Aperture diameters smaller than ≈ 300 − 400µm accompanied by higher porosities can be
technologically demanding, as for the case described in [13]. From this point of view the MPE1 can
be considered already as less cost-effective than typical MPEs because of the reduced diameter of the
perforations and the density of ≈ 22 holes per square centimetre necessary to provide porosity σ =
1.53%. Moreover, thickness smaller than ≈ 400 − 500µm can hinder the perforation process other than
compromise the mechanical properties of the micro-perforated plate. In case of MGEs, the mechanical
properties are guaranteed by the thickness of the entire element (1mm for the samples examined here).
Furthermore, by using simple technological processes such as milling and/or punching, it is possible
to manufacture micro-channels with small depths, down to ≈ 100µm, short lengths (100 − 250µm) and≈ 3 micro-channles per square centimetre, as for MGE0. This represents a double advantage from the
acoustical point of view and explains the favourable trends shown in Fig. 7. In fact, as known from the
literature [6], a flat unitary broadband absorption coefficient is theoretically obtained when the normalized
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Figure 7: Linear performance of MGE and MPE samples: a) Resistive and reactive normalized tranfer impedance; b) Absorp-
tion coefficients.
real part of the transfer impedance (resistance) is equal to 1 and the normalized imaginary part (reactance)
is null. It is possible to tend to such an ideal condition when the diameter of the micro-perforations (in
MPEs) or the depth of the micro-channels (in MGEs) decrease and the porosity is increased adequately.
From this point of view, the small depth of the micro-channels is definitely an advantage.
However, absorbers with short length of the apertures require lower porosities than absorbers with
longer lengths in order to obtain the same performance. This fact represents the second advantage and it
can be explained by considering that elements with shorter apertures typically have lower reactance and
resistance, as the other geometrical parameters are kept constant. Nevertheless, in this case resistance,
reactance and absorption coefficient are recovered by simply reducing the porosity. As a consequence,
notwithstanding the small depth of the micro-channels of MGE0, a relatively low value for the porosity
(σ = 1.13) is enough to guarantee adequate acoustic performance of the absorber.
It will be shown in the following section that the presence of the surface s′ and s′′ ahead and at the
bottom of the micro-channels respectively (see Fig. 3 a), remarkably affects the end-corrections and the
non-linear behaviour of the absorber, resulting in a reduced resistance - compared to the case of MPEs -
at high levels of sound excitations.
5. Non-Linear behaviour
The non linear behaviour of MGEs presents unique aspects due to the internal geometry of these
elements. In order to analyse it, several samples have been tested in presence of different levels of sound
excitation. As known from literature, this behaviour occurs for Strouhal numbers Sr ≪ 1, i.e. when the
particle displacement is much larger than the aperture size. In these conditions, and for circular apertures,
Cummings and Eversman proposed the following relationship [19]:
∣ pˆa∣ ≃ ρ0∣uˆp∣2 1 −σ2C2vc2C2vc (31)
where Cvc = m˙/ (A√2ρ0∆p) is the discharge coefficient of the orifice, related to the vena contracta,
i.e. the reduction of the diameter of the flow stream within the orifice. However, the transition form
the linear regime, which occurs for Sh=O(1), is not sudden, but an intermediate, almost linear regime
can be detected as Sr > 1. In this case, Disselhorst et al. presented in [33] a formulation valid for high
13
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Shear numbers (thus, not applicable to micro-aperures, where Sh = O (1)) and in [21] Temiz presented
a semi-empirical approach for MPEs which allows expressing the resistance and reactance changes of
MPE, due to the non-linear effects, as a function of Shear and Strouhal numbers within the apertures.
This approach is based on the following normalizations:
RNL = 2C2vc RNLσ∣uˆ∣ρ0 (32)
XNL = XNLσ
ωρ0d/2 (33)
where RNL = [R (Z) −R (ZLin)] and XNL = [I (Z) − I (ZLin)] being Z the acoustic impedance of the
samples in quasi-linear and non-linear regimes.
In the present investigation, the same methodology is applied to the MGEs and, by curve fitting the
experimental results normalized as in Eq.s 32 and 33, a generalized expression of the transfer impedance
of the MGEs for the non-linear and quasi-linear regimes is provided. To this aim it is necessary to have
a good estimation of the discharge coefficient. Cvc for sharp edged circular perforations is ≈ 0.611, as
shown in [19]. However, this value changes for rectangular slits, is influenced by the porosity of the panel
and is strongly affected by the geometry of the edges [34]. In fact, rounding edges by a few percent of
the aperture size can reduce the vena contacta almost completely and result in a higher Cvc. The edges of
the micro-channels in the MGEs have been observed with a 100x magnification and the chamfer length
has been found to be ≈ 13µm in all samples.
5.1. Discharge coefficient
The discharge coefficients of the rectangular micro-channels in MGEs have been computed by per-
forming a steady state CFD simulation where the pressure at inlet and at the outlet were imposed. The
steady state assumption obviously represents an approximation because the actual flow through the orifice
is alternating during successive acoustic half-cycles.
The solver utilized is COMSOL Multiphysics RO and the meshes, as shown in Fig. 8, are obtained by a
combination of triangular and rectangular elements, being the second ones mainly present in the vicinity
of the boundaries with no-slip conditions. The simulations have been repeated by using the geometries
of the micro-channels of all the samples studied here. It has been found that, for a MGE with σ = 1.14,
d = 120µm and by imposing 1mbar pressure at inlet, the the discharge coefficient varies from Cvc = 0.68
to Cvc = 0.79 by varying the geometries of the edges from sharp to chamfered with 13µm chamfer length.
Moreover, the MGEs present a Cvc which is typically ≈ 10% always higher than the Cvc of a MPE with
same d and porosity. With a good approximation, the discharged coefficient of the MGE samples studied
here, in the conditions examined in this paper, can be considered Cvc ≈ 0.8. For the MPEs tested here, the
averaged value of the discharge coefficient computed with the CFD simulation is Cvc ≈ 0.7.
5.2. Transfer impedance in quasi- and non- linear regimes
By using the normalizations in Eq.s 32 and 33 the results in Fig. 9 are extracted from the data of
MGE1. Due to the high level of sound excitation and the small value d, the Strouhal number within the
apertures is ≪ 1, resulting in a full non-linear regime. In order to have a clear picture of the quasi-linear
regime, also the data extracted for the MGE3 - provided with larger apertures - are shown in Fig.10.
The following expressions for MGEs have been found by curve fitting the values in Fig.s 9 and 10 :
RNL = 2.22Sr−12.82Sr−1Sh + 20 (34)
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Figure 8: CFD simulation of a micro-channel with chamfered edges: a) Mesh; b) Velocity profile.
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Figure 10: Normalized non-linear impedance for MGE3 and comparison with MPE: a) Resistive part; b) Reactive part.
XNL = −1.25Sh0.5Sr−1 + 1.283
Sr−1 + 32.3 − 0.0397 (35)
By using the Eq.s 32 and 33, it is possible to extract the resistive RNL and reactive part XNL of the non-
linear transfer impedance. In Fig.s 9 and 10 the normalized non-linear transfer impedance of MPEs
provided by Temiz in [21] is also shown. The forumlation presented by Temiz is limited to the Sr
numbers up to 20 thus, for higher values, the corresponding curves are dashed. A noticeable discrepancy
appears between the MPEs and the MGEs, mainly in the resistive part. This means that the normalization
performed (Eq.s 32 and 33) allows generalizing the transfer impedance for elements of the same typology
provided with different values of d, σ and Cvc. However, the results obtained for MPEs cannot be used for
MGEs, since they represent two different typologies of absorbers. The values of the normalized resistive
part of the non-linear transfer impedance exhibited by MGEs are always lower than the ones exhibited
by MPEs. As a consequence, for MGE and MPE provided with the same porosities (which means same
particle velocities within the apertures), at increasing of the sound excitation levels the variations in the
resistive term is always smaller in case of MGEs than in case of MPEs. It implies that the performance
of MGE is more robust than in case of MPE.
The reactive part is more difficult to predict accurately for both MPEs and MGEs. In case of MPEs
this part seems to be still higher than in case of MGEs. However, when the resistive part XNL is extracted
from the normalized form XNL, the difference reduces. Also in this case, the expression provided by
Temiz in [21] is reliable up to the transitional regime. In non-linear regime the behaviour predicted by
Maa, and expressed by,
XNL−M = χCh−Ext1 + ∣ u
σc ∣ (36)
is acceptable also in case of MGEs (see Fig.9b).
5.3. Absorption coefficient in non-linear regime
The resistive and reactive components, as well as the absorption coefficients plotted in Fig. 11, refer
to the same MGE and MPE samples plotted in Fig.7 but tested with high levels of sound excitation. The
performance of MGE0 and MPE1, in this case, show an advantage in the absorption coefficient of the
latter over the last one of ≈ 6%. Moreover, the absorption coefficient of the MGE0 has an advantage of ≈
21% over the traditional MPE2. Since the samples MPE1 and MGE0 are provided with similar porosities,
the particle velocities averaged in the aperture areas, as well as the Sr in MGE0 and in MPE1, are similar
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Figure 11: Non-linear behaviour of MGEs and MPEs: a) Transfer impedance; b) Absorption coefficients.
too. However, by comparing Fig.4.3a with Fig.11a it is possible to notice that high excitation levels result
in greater variation of the resistance in case of MPE1 than in case of MGE0. As a consequence, the decay
of absorption peak for MGE0 is smaller than for MPE1.
Random noise excitation
As a conclusive note, the MGE samples have been tested also in presence of random noise, in the
frequency range [100,3700] Hz and at different levels of sound excitation. In order to model the acoustic
behaviour of MGE in these conditions, the following fictitious velocity can be defined
u∗ = 2.3¿ÁÁÀ F f∑
i=Fs u˜
2
i (37)
where the sum is calculated from the first (Fs) to the final (F f ) frequency of the spectrum and u˜ is the rms
of the particle velocities within the apertures. By using u∗ instead of u in the definition of Sr (Eq.17 ) and
in the normalization Eq.32, the resistive part of the non-linear transfer impedance, measured in presence
of random noise excitation, can be still expressed by using the Eq.34. In fact, the normalized resistance
obtained by using single tones and particle velocity u and the normalized resistance obtained by using
random noise and the velocity u∗, collapse well in Fig. 12a.
However, the normalization Eq.33 does not include explicit dependence on the particle velocity. Thus,
in order to use Eq. 35, u∗ must be used instead of u to compute Sr and the following normalization must
be used to express the reactance:
∆χNL−B = XNLσχCh−Ext ∣ uσc ∣
1−∣ u
σc ∣
(38)
Fig. 12b show that also the data of the reactance, obtained by using sine excitation and normalized
according to Eq. 38, and the ones obtained by using the white noise, u∗ instead of u and the same
normalization, collapse well.
6. Conclusions
The ideal requirement in micro-perforated element of having infinitely small and short apertures,
while still preserving adequate porosity, sufficient mechanical properties and cost effective manufacturing
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Figure 12: Normalization of data extracted with white noise excitation: a) Non-linear resistance; b) Non-linear reactance.
process, is targeted by micro-grooved elements. By means of two mating layers obtained with basic
production technology, it is possible to generate a number of micro-channels with depth in the order of
100µm and length of 200µm, thus providing high acoustic performance. The thickness of the layer is
responsible for mechanical properties and has a minor effect on the acoustic performance.
In the linear regime, the micro-channels act as slit shaped apertures with reduced resistive end-
resistance. The absorption coefficient of a micro-grooved element provided with ≈ 3 micro-channels per
square centimetre with depth 95µm and length 200µm, is ≈ 10% higher than the absorption coefficient
of a micro-perforated element with ≈ 22 holes per square centimetre with 300µm diameter of perfora-
tion and thickness of 500µm. The reactive end-correction of MGE has been described by extending to
sub-millimetre apertures the formulation provided in literature for over-millimetre apertures.
Compared to micro-perforated element, the quasi- and non- linear behaviour of micro-grooved el-
ement is characterized by reduced variation of the resistive transfer impedance at increasing the sound
excitation levels. Thus, more robust acoustic performance is exhibited. A semi-empirical approach, ob-
tained by curve fitting the normalized experimental data, has been used to describe the non-linear transfer
impedance of micro-grooved element as a function of Shear number, Strouhal number and discharge co-
efficient. By properly defining a fictitious particle velocity within the apertures, the same formulation -
originally developed for pure tone excitation - has been extended to the case of random excitation noise.
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